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$EVWUDFW 
 
We investigate AlGaAs/GaAs superlattices as well as InGaAs/GaAs quantum wells 
(QWs) and epitaxial quantum dots (QDs) where during the molecular beam epitaxy of 
InGaAs QDs the aluminium flux cell was opened briefly to incorporate fractional 
monolayers of Al into the InGaAs. We show that X-ray mapping with a large 
collection angle is capable to detect 0.3-0.4 fractional Al monolayers with a resolution 
of just under 1nm. 
 
 
1. Introduction 
 
(QHUJ\-GLVSHUVLYH ;-UD\ VSHFWURVFRS\ (';6 LQ D VFDQQLQJ WUDQVPLVVLRQ HOHFWURQ
PLFURVFRSH67(0DOORZVWKHGLUHFWFKHPLFDOGHWHFWLRQRIDOOHOHPHQWVKHDYLHUWKDQ
EHU\OOLXPRUOLWKLXPGHSHQGLQJRQGHWHFWRUHQWUDQFHZLQGRZW\SHDQGVSHFWURPHWHU
Page 1 of 19 AUTHOR SUBMITTED MANUSCRIPT - SST-106418.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Ac
ce
pte
d M
an
us
cri
pt
UHVROXWLRQ E\ ORFDO VSHFWURVFRS\ DQG FRPSRVLWLRQDO PDSSLQJ DW KLJK VSDWLDO
UHVROXWLRQ0DQ\VWXGLHVKDYHEHHQFRQGXFWHGRYHUGHFDGHVWRLPSURYHTXDQWLILFDWLRQ
DFFXUDF\RUVSDWLDOUHVROXWLRQ 
4XDQWLILFDWLRQLQ67(0GHSHQGVRQWKHNQRZOHGJHRIWKHLRQLVDWLRQFURVV-VHFWLRQV
RI WKH FKHPLFDO HOHPHQWV DV D IXQFWLRQ RI WKHLU DWRPLF QXPEHU =-HIIHFW WKDW ZDV
DOUHDG\PRGHOOHGE\%HWKHLQ>@DQGFRUUHFWLRQVIRUERWKDEVRUSWLRQ$RIWKH
;-UD\VLQWKHVSHFLPHQ>@DQGPXWXDOIOXRUHVFHQFH)EHWZHHQGLIIHUHQW;-UD\OLQHV
>@7KLV=$)FRUUHFWLRQLVVWLOOWKHEDVLVRIDOOFRPPHUFLDOTXDQWLILFDWLRQSURFHGXUHV
ZKLOHQHZVHOI-FRQVLVWHQWLWHUDWLYHDSSURDFKHVVXFKDVWKH]HWD-IDFWRUPHWKRG>@DQG
WKLFNQHVV GHSHQGHQW N IDFWRUV >@ KDYH DOVR UHFHQWO\ EHHQ GHYHORSHG 9LVLELOLW\ RI
DWRPLF ODWWLFH SODQHV LQ ;-UD\ PDSV KDV EHHQ UHSRUWHG DIWHU WKH LQFRUSRUDWLRQ RI
PXOWLSOH;-UD\GHWHFWRUVLQ WUDQVPLVVLRQHOHFWURQPLFURVFRSHVEXWRQO\LQUDUHFDVHV
RI YHU\ WKLQ QRQ-SHULRGLF WHVW VWUXFWXUHV >-@ DWRPLF UHVROXWLRQ FRXOG UHDOO\ EH
YHULILHG7KHFRUUHVSRQGLQJPDSVZHUHRIWHQWRRQRLV\IRUIXUWKHUTXDQWLILFDWLRQ 
)RU VHPLFRQGXFWRU QDQRVWUXFWXUHV HPEHGGHG ZLWKLQ RU SODFHG RQ WRS RI WKLQ IRLO
VSHFLPHQV DGGLWLRQDO JHRPHWULFDO FRUUHFWLRQV PD\ EH QHHGHG WR HYDOXDWH OLQH
LQWHQVLW\UDWLRV>-@ 
7KH 8QLYHUVLW\ RI 6KHIILHOG KDV UHFHQWO\ DFTXLUHG DQG LQVWDOOHG D -(2/ -(0-)
FROGILHOGHPLVVLRQ67(0ZLWKGRXEOHZLQGRZOHVVVROLG-VWDWHGULIW 6''GHWHFWRUV
WKDW\LHOG;-UD\FROOHFWLRQDQJOHVRIDQGVUDG VUDGLQFRPELQDWLRQ7KLV
LPSURYHV WKH VWDWLVWLFV RI ;-UD\ PDSSLQJ RYHU WKH SUHYLRXV XOWUDWKLQ-ZLQGRZ 6L/L
GHWHFWRUVZLWKVUDG -(2/)DWN9DQGUDG-(2/=5DW
N9 E\ DQ RUGHU RI PDJQLWXGH HQDEOLQJ WKH GHWHFWLRQ DQG TXDQWLILFDWLRQ RI WKH
DWRPLF RFFXSDQF\ RI VHPLFRQGXFWLQJ WKLQ ILOPV FRQVLVWLQJ RI VLQJOH PRQROD\HUV
$QDO\VLQJWKHGLJLWDO;-UD\PDSVDFTXLUHGZLWK WKH-(2/$QDO\VLV6WDWLRQVRIWZDUH
ZHKLJKOLJKWWKHLPSURYHGSHUIRUPDQFHIRUTXDQWLWDWLYH;-UD\PDSSLQJDQGSURILOLQJ
EXWDOVRSUREOHPVUHODWHGWRVSXULRXVEDFNJURXQGVLJQDOVDQGODFNRIYDOLGN-IDFWRUV 
 
 
([SHULPHQWDO 
 
(SLWD[LDOWKLQILOPJURZWK 
The motivation for this work is based on earlier results by other groups who showed 
that the optical emission of epitaxial InGaAs QDs sandwiched between GaAs barriers 
can be tuned by replacing the GaAs below the QDs by either AlAs [14] or 
(InAlGa)As [15], or the GaAs cap on top by AlAs [16], or both lower and upper 
barriers by AlAs [17]. Here, we tried to incorporate ultra-thin AlAs layers directly 
within the InAs QDs. 
The samples investigated in this work were grown on an n-type GaAs (001) substrate 
using a Varian Gen II solid-source molecular-beam epitaxy reactor. They resemble 
the central part of a laser structure and consist of an (Al)InGaAs-based active region 
surrounded by GaAs barriers, waveguide-like AlGaAs/GaAs superlattices and 
AlGaAs claddings. The growth temperature of the claddings and waveguide layers 
was 620 oC, while a lower temperature of 590 oC was used for the barriers. The active 
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region was grown at 490 oC. Two samples were grown and labeled $DQG$
7KH DFWLYH UHJLRQ RI VDPSOH $ FRQVLVWV RI ,Q$O*D$V 4'V GHSRVLWHG DV 
LQGLYLGXDOUHSHDWVRIDOWHUQDWLQJQP,Q$O*D$VIROORZHGE\QP
,Q$V 7KH WRWDO QRPLQDO $O FRQWHQW GHSRVLWHG FRUUHVSRQGHG WR QP RU 
PRQROD\HU 0/RI WKH JURXS ,,, VXE-ODWWLFH7KH*D$VEDUULHUVZHUHQRPLQDOO\
QP WKLFN DQG JURZWK LQWHUUXSWLRQV RI  V IRU FKDQJH LQ JURZWK WHPSHUDWXUH ZHUH
LQWURGXFHGDIWHUWKHJURZWKRIWKHILUVWQPRIWKHERWWRPEDUULHUDQGWKHJURZWKRI
ILUVWQPRIWKHWRSEDUULHU7KHZDYHJXLGH-OLNHVXSHUODWWLFHVFRQVLVWRISDLUVRI
QP*D$VIROORZHGE\QP$O*D$VVXUURXQGLQJWKHEDUULHUVDQGSDLUVRI
QP *D$V DQG  QP $O*D$V $O*D$V FODGGLQJ OD\HUV VXUURXQG WKH
VXSHUODWWLFHV$QRWKHUVWUXFWXUHZKLFKOHDYHV4'VXQFRYHUHGRQWKHIUHHVXUIDFHZDV
UHSHDWHG RQ WRS RI WKH ODVW $O*D$V FODGGLQJ OD\HU IRU JLYLQJ DFFHVV WR WKH 4'V
PRUSKRORJ\ E\ $)0 RU 6(0 7KH FODGGLQJV WKH VXSHUODWWLFH ZDYHJXLGHV DQG WKH
EDUULHUV RI VDPSOH $ ZHUH VLPLODU LQ WKLFNQHVV FRPSRVLWLRQ DQG JURZWK
WHPSHUDWXUHWRWKRVHRIWKH$VDPSOHH[FHSWIRUWKHDFWLYHUHJLRQ7KLVFRQVLVWHG
RIDQP,Q*D$VTXDQWXPZHOOGHSRVLWHGDIWHU WKHJURZWKRI WKH ILUVWQP
*D$V EDUULHU IROORZHG E\ D  QP *D$V VSDFHU OD\HU RQ WRS RI ZKLFK ,Q*D$V
4'VZLWKLQVHUWLRQRIDYHU\WKLQ$OOD\HUZHUHGHSRVLWHGEHIRUHWKHWRSQPEDUULHU
ZDV HYHQWXDOO\ JURZQ 7KH 4'V ZHUH JURZQ E\ GHSRVLWLQJ  LQGLYLGXDO OD\HUV RI
HTXDOWKLFNQHVVQPRIPDWHULDODVWKXVILUVWZHGHSRVLWHGOD\HUVFRQVLVWLQJRI
QP,Q*D$VDQGQPRI,Q$VHDFKWKHQUHSHDWRIQP,Q$O$V
DQGQP,Q$VWKHQDQRWKHUUHSHDWVVLPLODUWRWKHILUVW$VLQWKHFDVHRI$
WKHODVWQPRIWKHERWWRP*D$VEDUULHUWKH4:WKH*D$VVSDFHUWKH4'VDQGWKH
ILUVWQPRIWKHWRS*D$VEDUULHUZHUHDOOJURZQDWWKHVDPHWHPSHUDWXUHRIR&
$QRYHUYLHZRIERWKVWUXFWXUHVLVSUHVHQWHGLQ7DEOH 
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 VDPSOH   $   ERWK  $   
thick-
ness 
[nm] 
material   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          
 ,Q*D$V$O  4'    4'   
 *D$V  -    VSDFHU   
 ,Q*D$V  -    4:   
 *D$V    EDUULHU     
 *D$V$O*D$V    VXSHUODWWLFH[     
 *D$V$O*D$V    VXSHUODWWLFH[     
 $O*D$V    FODGGLQJ     
 *D$V$O*D$V    VXSHUODWWLFH[     
 *D$V$O*D$V    VXSHUODWWLFH[     
 *D$V    EDUULHU     
 ,Q*D$V$O  4'    4'   
 *D$V  -    VSDFHU   
 ,Q*D$V  -    4:   
 *D$V    EDUULHU     
 *D$V$O*D$V    VXSHUODWWLFH[     
 *D$V$O*D$V    VXSHUODWWLFH[     
 $O*D$V    FODGGLQJ     
 *D$V    EXIIHU     
 *D$V     VXEVWUDWH     
7DEOHVFKHPDWLFRIERWKVDPSOHV4' TXDQWXPGRW4: TXDQWXPZHOO 
 
6SHFLPHQSUHSDUDWLRQIRUHOHFWURQPLFURVFRS\ 
(OHFWURQWUDQVSDUHQW WKLQIRLOVZHUHSUHSDUHGE\JOXHLQJWRJHWKHUZDIHUSLHFHVXVLQJ
WZR-FRPSRQHQW HSR[\ JOXH FXWWLQJ ZLWK D GLDPRQG LPSUHJQDWHG ZLUH VDZ DORQJ
!GLUHFWLRQVJULQGLQJE\6L&DEUDVLYHDQGSROLVKLQJZLWKPDQGILQDOO\P
GLDPRQGSDVWH7KHFURVV-VHFWLRQVZHUH WKHQDUJRQ LRQPLOOHG LQHLWKHUD7HFKQRRUJ
/LQGD ,9XQGHU OLTXLGQLWURJHQFRROLQJRUD*DWDQ3,36 LRQPLOO DW DQJOHVRIa
DQGHQHUJLHVRILQLWLDOO\NH9XQWLOSHUIRUDWLRQWKHQNH9DQGILQDOO\NH9 
 
67(0FKDUDFWHUL]DWLRQ 
The scanning transmission electron microscopy (STEM) imaging was performed in 
two instruments: a JEOL 2010F (Schottky field emitter, 197kV, 10mrad semi-angle of 
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beam convergence, 0.3nm probe, ~20pA current at nominal spot size M, 55±170mrad 
collection angle in high-angle annular dark field (HAADF) mode, Si:Li PentaFET X-
ray detector with 0.12srad collection angle and ultrathin window) and a JEOL F200 
(cold field emitter, 200kV, 20mrad semi-angle of convergence, 0.16nm probe, 
~100pA current at nominal spot size 6, 45±165 mrad HAADF collection angle, 
1.7srad windowless double silicon drift detectors for X-rays). All images and maps 
were acquired with the layers oriented vertical to minimize both scan and drift 
artifacts and are displayed in the following rotated by 90VRWKDWWKHJURZWKGLUHFWLRQ
SRLQWVXSZDUGV 
 
 
)LJXUH%ULJKWILHOG%)OHIWDQGDQQXODUGDUNILHOG$')ULJKWLPDJHVRIVDPSOH
$2YHUYLHZRIWKHOD\HUVWDFNDWN;9LVLEOHDUHWKHRXWHUPRVWQP$O*D$V
FODGGLQJ OD\HUV GDUN LQ $') VHYHUDO QP DQG QP WKLFN î$O*D$V*D$V
VXSHUODWWLFHVDQGWZRQPDQGQP*D$VEDUULHUVWKDWVDQGZLFKDaQPWKLQFHQWUDO
,Q*D$VOD\HUEULJKWLQ$') 
 
7KHLPDJHVLQILJXUHRIVDPSOH$VKRZOD\HUVDVGHVFULEHGLQWKHQRPLQDOVWDFN
GHVLJQZLWK DSSDUHQWO\SHUIHFW*D$V$O*D$V VXSHUODWWLFHVEXW WZRGHYLDWLRQV IURP
WKH QRPLQDO GHVLJQ WKH $O*D$V FODGGLQJ OD\HUV DUH RQO\ QP ZLGH DQG WKH
,Q$O*D$V KDV IRUPHG D FRQWLQXRXV aQP WKLQ VOLJKWO\ FRUUXJDWHG TXDQWXP ZHOO
ZLWK VOLJKW ODWHUDO YDULDWLRQV KRZHYHU DV WKH VSHFLPHQ IRLO WKLFNQHVV LV UHODWLYHO\
ODUJHLWLVQRWSRVVLEOHWRUHOLDEO\GLVWLQJXLVKDFRQWLQXRXVTXDQWXPZHOOIURPDVHULHV
RIGRWVLQSURMHFWLRQ,QVRPHFDVHVGLVORFDWLRQVHPDQDWLQJIURPWKH,Q$O*D$VOD\HU
KDYH EHHQ IRXQG FI ILJXUH  7KH VXUIDFH RI WKH ZDIHU FRXOG QRW EH DQDO\VHG LQ
GHWDLOKHUHDQGQRFOHDUHYLGHQFHRIDQ\TXDQWXPGRWVWKHUHZDVIRXQG,Q$')PRGH
WKH LQWHQVLW\ GHSHQGV DOPRVW OLQHDUO\ RQ WKH VSHFLPHQ WKLFNQHVV DQG DSSUR[LPDWHO\
TXDGUDWLFDOO\ RQ WKH DYHUDJH DWRPLF QXPEHU = RI WKH PDWHULDO DQG WKLV LV RIWHQ
UHIHUUHGWRDV=-FRQWUDVW>@+HQFHLQGLXPULFKOD\HUVLQ$O*D,Q$VDSSHDUEULJKW
LQ $') DQG WKH VTXDUH URRW RI WKHLU $') LQWHQVLW\ LV D VLJQDO DSSUR[LPDWHO\
SURSRUWLRQDOWRWKHORFDOFKHPLFDOFRPSRVLWLRQDQGWRWKHVDPSOHWKLFNQHVV>@LIWKH
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LQQHUFROOHFWLRQDQJOHLVVXIILFLHQWO\ODUJH>@ 
 
)LJXUH%)LPDJHRIVDPSOH$DWN;7KHVDPSOHLVWKLQQHUKHUHDQGFOHDUO\
VKRZV VWUDLQ PRGXODWLRQV FKDUDFWHULVWLF RI VWUDLQHG TXDQWXP GRWV DV ZHOO DV D
GLVORFDWLRQOLQHHPDQDWLQJIURPWKHVWUDLQHG,Q*D$VTXDQWXPGRWOD\HU 
 
7KHGLVORFDWLRQ VKRZQ LQ ILJXUH UXQV WKURXJK WKH VXSHUODWWLFHV DQGFODGGLQJ OD\HU
LQWRWKHEXIIHUUHJLRQZKHUHLWWHUPLQDWHVRQWKHVSHFLPHQVXUIDFH$VEXIIHUFODGGLQJ
OD\HU DQG VXSHUODWWLFHV DUH DOO PDGH RI $O*D$V ODWWLFH PDWFKHG WR *D$V ZKLOH WKH
,Q*D$VWKDWKDVDODUJHUODWWLFHFRQVWDQW LVFRPSUHVVLYHO\VWUDLQHGZHFDQFRQFOXGH
WKDWLIWKHGLVORFDWLRQUHOD[HVVWUDLQLWLVOLNHO\WRKDYHJHQHUDWHGDWDTXDQWXPGRW 
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)LJXUH$')LPDJHDDQG;-UD\PDSVUHFRUGHGRIVDPSOH$DW0;QPILHOG
RIYLHZQPSL[HOVDPSOLQJSL[HOVQPSUREHQ$PVGZHOOWLPH
VZHHSVZLWKGULIW FRUUHFWLRQ IRUPLQXWHVNFSV IURPGHWHFWRUDQGNFSV IURP
GHWHFWRU7KHPDSVVKRZWKHQHWVLJQDOVRI&.E2.F$V.G$O.H*D.I,Q/
JDQG WKHVXPRIDOOJURXS,,,HOHPHQWV K HIJ L LQWHJUDWHG;-UD\VSHFWUXPIURP
ILJXUHDRQOLQHDUVFDOH 
 
7KH;-UD\PDSVLQILJXUHE-IGHSLFWWKHVSDWLDOGLVWULEXWLRQRIHOHPHQWVLQDVSHFLPHQ
HVWLPDWHG IURP WLOWLQJ H[SHULPHQWV WREHaQP WKLQ IRUGHWDLOV VHH VHFWLRQ7KH
LQGLXPULFK4:4'OD\HULQWKHFHQWUHVXUURXQGHGE\ILUVW*D$VEDUULHUVDQGWKHQWKH
$O*D$V*D$V VXSHUODWWLFHV LV YLVLEOH DV ZHOO DV YHU\ IDLQWO\ LQ ILJXUH H DQ
HQULFKPHQW RI $O DSSUR[LPDWHO\ DW WKH VDPH KHLJKW ZKHUH D GDUN EDQG FDQ EH VHHQ
UXQQLQJWKURXJKWKH,Q*D$VOD\HULQILJXUHD7KHQHDUO\IHDWXUHOHVVPDSVRI$VLQ
ILJXUHGDQGRI$O*D,QLQILJXUHJDUHYHU\VLPLODUDQGLQGLFDWHWKDWWKHHIIHFWRI
Ś ? Ő ? Ĩ ? Ğ ? 
Ă ? ď ? Đ ? Ě ? 
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GLIIHUHQWUHODWLYHIOXRUHVFHQFH\LHOGVRIWKHYDULRXV;-UD\OLQHVRIWHQUHIHUUHGWRDVN-
IDFWRUV>@GHYLDWHIURPXQLW\E\RQO\DIHZUHODWLYHDQGVRDUHQHJOLJLEOHKHUH
7DEOHVKRZVWKDWPDSVRIHOHPHQWVQRWLQWKHVSHFLPHQRIVDPSOH$EXWSUHVHQW
LQ WKH VSHFLPHQ VXSSRUW &X RU VSHFLPHQ KROGHU DQG REMHFWLYH OHQV )H &R \LHOG
IHDWXUHOHVVPDSVRI-FRXQWVSHUSL[HORQDYHUDJH2IURPVXUIDFHFRQWDPLQDWLRQ
FRXQWVDQG6LIURPWKHGHWHFWRUPDWHULDO LWVHOIFRXQWVDUHVOLJKWO\
KLJKHUEXWDOVRFORVHWRWKHRYHUDOOGHWHFWLRQOLPLWDQGUHYHDOQRVWUXFWXUH:KHWKHUWKH
SHUYDVLYHEDFNJURXQGVLJQDORIaFRXQWVLQDOOPDSVLVGXHWRUHDOEUHPVVWUDKOXQJ
UHDFKLQJWKH;-UD\GHWHFWRUVRUDGHWHFWRUDUWLIDFWLVVWLOOXQGHULQYHVWLJDWLRQKRZHYHU
LWKDVEHHQVKRZQSUHYLRXVO\WKDWIRUDFFXUDWHTXDQWLILFDWLRQLWLVLPSRUWDQWWRVXEWUDFW
RIIHYHQVXFKORZEDFNJURXQGVLJQDOVXVLQJIUDFWLRQDOFRXQWV>@)LJXUHFRPSDUHV
SURILOHVRI$ODQG ,Q GLYLGHGE\ WKHVXPRI$O*D,Q WRQRUPDOL]HZLWK UHVSHFW WR
RFFXSDQF\ RI WKH JURXS ,,, VXE-ODWWLFH ZLWKRXW DQG ZLWK DQ DYHUDJH RI  FRXQWV
VXEWUDFWHGIURPHDFKPDS 
 
 
)LJXUH  OLQH SURILOHV RI WKH UDWLRV RI WKH ;-UD\ PDSV RI $O$O*D,Q DQG
,Q$O*D,Q IRU VDPSOH $ ZLWKRXW DQ\ EDFNJURXQG FRUUHFWLRQ UDZ GDWD DQG
DIWHU FRXQWV VXEWUDFWHG IURP HDFK PDS SULRU WR UDWLR FDOFXODWLRQ %* FRUUHFWHG
1HJOHFWLQJ N-IDFWRUV IRU ;-UD\ IOXRUHVFHQFH DQG DEVRUSWLRQ WKHVH \LHOG RQO\
DSSUR[LPDWHYDOXHVRIWKHFRUUHVSRQGLQJIUDFWLRQDORFFXSDQFLHVRIWKHJURXS,,,VXE-
ODWWLFH DW aQP UHVROXWLRQ 1RWH WKH ,Q*D$V 4' OD\HU DQG WKH ORFDO $O LQFUHDVH E\
a LQ WKH FHQWUH DUH GLVSODFHG ODWHUDOO\ E\ WZR GDWD SRLQWV LH QP
DSSUR[LPDWHO\DXQLWFHOO 
 
7KH $O FRQWHQW RI WKH QP SHULRG VXSHUODWWLFH YDULHV E\ RQO\ DERXW '\$O 
EHWZHHQ$O*D$VDQG$O*D$VGHSHQGLQJRQEDFNJURXQGUHPRYDODQGLV
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WKXVPXFKORZHUWKDQWKHQRPLQDO$OFRQWHQWRIWKHEDUULHUOD\HUV$OVRWKHaDQG
aQP ZLGH OD\HUV DURXQG WKH TXDQWXP GRWV OD\HU DSSHDU WR EH QRW SXUH *D$V EXW
$O*D$VZLWKDORZ$OFRQWHQWRIZLWKDVOLJKWORFDOLQFUHDVHE\-
QHDUWKHORZHUVLGHRIWKH,Q*D$V7KLVEXPSDPRXQWVWRDQDGGLWLRQDO$OFRYHUDJHRI
HTXLYDOHQWPRQROD\HUVZKHQLQWHJUDWHGDERYHWKHEDFNJURXQGOHYHORI7KH
TXDQWXPGRWOD\HULWVHOIKDVDPD[LPXPLQGLXPFRQWHQWRI[,Q DJDLQORZHU
WKDQQRPLQDO 
 
 
)LJXUH%)OHIWDQG$')ULJKWLPDJHVRIVDPSOH$2YHUYLHZRIWKHOD\HU
VWDFN DW N; 7KH QP $O*D$V FODGGLQJ OD\HUV GDUN LQ $') DQG QP DQG
QP$O*D$V*D$VVXSHUODWWLFHVDUHDVLQWKHRWKHUVDPSOH7KHWZR*D$VEDUULHUV
DUHQPDQGQPWKLQ WKHFHQWUDO,Q*D$VEULJKW LQ$')QRZFRQVLVWVRIFOHDUO\
WZROD\HUVDIODW,Q*D$VTXDQWXPZHOO4:DQGDTXDQWXPGRW4'OD\HUDWRS 
 
7KH LPDJHV LQ ILJXUH  DUH IURP VDPSOH $ DQG DJDLQ VKRZ WKDW WKH $O*D$V
FODGGLQJ OD\HUV DUH aQP WKLFN WKH ORZHU *D$V OD\HU LV QP WKH PLGGOH *D$V
QPDQGWKHWRSQPWKLFN7KHORZHU,Q[*D-[$VTXDQWXPZHOOQRPLQDO[,Q 
LQWKHFHQWUDOVWDFNLVaQPWKLFNDVVSHFLILHGEXWVKRZVDVLJQLILFDQW,QVHJUHJDWLRQ
WRZDUGV LWV WRS \LHOGLQJ DQ LQGLXP FRQFHQWUDWLRQ FORVH WR WKDW RI WKH XSSHU
,Q$O*D$V OD\HU QRPLQDO [,Q  %RWK ,Q$O*D$V OD\HUV H[KLELW VWURQJ ODWHUDO
FRQWUDVWPRGXODWLRQVZKLFKDUH FRUUHODWHGEHWZHHQ WKH ORZHU ,Q*D$VDQG WKHXSSHU
,Q$O*D$VOD\HUVLQGLFDWLQJDGHJUHHRIVWUDLQFRXSOLQJ,QWKHWRS,Q$O*D$VOD\HU
RIWKHFHQWUDOVWDFNTXDQWXPGRWVDUHQRZFOHDUO\YLVLEOHLQOLQHZLWKZKDWLVH[SHFWHG
IURP 6WUDQVNL-.UDVWDQRZ JURZWK RI ,Q*D$V >@ 1HDU WKH IUHH VXUIDFH D UDWKHU
GLIIXVHDQGVOLJKWO\FRUUXJDWHG,Q$O*D$VOD\HUKDVEHHQIRUPHGZKHUHWKHLQWHQGHG
TXDQWXPGRWVDUHFOHDUO\OHVVZHOOGHYHORSHG7KHVDPSOHKDVDOVREHHQVWXGLHGE\;-
UD\PDSSLQJDV WKHRQHEHIRUH DQG UHVXOWVDUH VKRZQ LQ ILJXUHVDQG$JDLQDQ
LQFUHDVHRIWKH$OVLJQDOXQGHUWKH,Q*D$VLVIRXQGLWVLQWHJUDODERYHWKHEDFNJURXQG
OHYHORIaDPRXQWVWR0/KDOIRIZKLFKLVORFDWHGGLUHFWO\XQGHUWKH,Q*D$V
4'ZKLOHWKHRWKHUKDOIDSSHDUVWREHPRUHVSUHDGRXW 
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)LJXUH  $') LPDJH RI VDPSOH $ DW 0; 7KH ,Q*D$V OD\HU LV FOHDUO\
VWUXFWXUHG ZLWK D -QP TXDQWXP ZHOO DW WKH ERWWRP IROORZHG E\ aQP KLJK
TXDQWXP GRWV WKDW KDYH D GDUN OLQH UXQQLQJ DSSUR[LPDWHO\ WKURXJK WKHLU FHQWUHV
ZKLFKILJXUHFRQILUPVLVGXHWR$OLQFRUSRUDWLRQ 
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)LJXUH $') LPDJH D DQG;-UD\PDSVRI$ UHFRUGHGDW 0;QP ILHOGRI
YLHZ QPSL[HO  SL[HOV [ ELQQHG WR  SL[HOV DW QPSL[HO QP
SUREH VSRW VL]H  Q$  PV GZHOO WLPH  VZHHSV ZLWK GULIW FRUUHFWLRQ LQ 
PLQXWHV NFSV IURP GHWHFWRU  DQG NFSV IURP GHWHFWRU  7KH PDSV VKRZ WKH QHW
VLJQDOVRI&.E2. F$V. G$O. H*D. I,Q/ JDQGWKHVXPRIDOOJURXS,,,
HOHPHQWV K HIJ7KHTXDQWXPGRWVDUHEHWWHUYLVLEOH LQ J WKDQ LQ DEHFDXVH WKLV
VDPSOHLVYHU\WKLQLLQWHJUDWHG;-UD\VSHFWUDIURPDUHDVVKRZQLQILJXUHVDDQGDRQ
ORJDULWKPLFVFDOH 
 
  
Ă ? ď ? Đ ? Ě ? 
Ğ ? Ĩ ? Ő ? Ś ? 
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)LJXUH  OLQH SURILOHV RI WKH UDWLRV RI WKH UDZ ;-UD\ PDSV RI $O$O*D,Q DQG
,Q$O*D,QIRUVDPSOH$$JDLQDVWURQJ$OLQFUHDVHFRLQFLGHVZLWKWKHVWDUW
RIWKH4'OD\HUJURZWKZKLOHSHUKDSVDIDLQWHUVLJQDO LVYLVLEOHQHDUWKHVWDUWRIWKH
4:OD\HUXQGHUQHDWK 
 
 
5HVXOWDQGGLVFXVVLRQ 
 
$ FHQWUDO SUREOHP RI TXDQWLI\LQJ ;-UD\ PDSV LV ORZ FRXQW UDWHV GXH WR VKRUW GZHOO
WLPHVDWLQGLYLGXDOSL[HOVHYHQZLWKODUJHUDQGPXOWLSOH;-UD\GHWHFWRUV7DEOHOLVWV
WKH VWDWLVWLFV RI WKH ;-UD\ PDSV VKRZQ LQ ILJXUHV  VDPSOH $ DQG  VDPSOH
$ 
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VDPSOH  $ -!   $ -!    
 
element 
X-ray 
line 
 
min 
 
max 
 
mean 
 
rms 
 
min 
 
max 
 
mean 
 
rms 
 
type 
           
C K 7 53 26.6 ±5.7 96 320 198.4 ±28.3 ? 
O K 0 13 2.7 ±1.6    ±1.4 ? 
Ne K    ±1.9    ±1.2 n 
Al K 0 20 4.7 ±2.5 0 32 9.5 ±4.6 s 
Si K 0 15 3.5 ±1.9 0 16 5.5 ±2.8 n 
Ar K    ±1.2    ±0.8 ? 
Ti K 0 9 1.3 ±1.2    ±0.8 n 
Fe K 0 9 1.5 ±1.2    ±0.9 n 
Co K 0 9 1.6 ±1.3    ±0.9 n 
Cu K 0 9 1.6 ±1.3    ±0.9 n 
Ga K 14 70 38.7 ±6.6 24 112 61.8 ±13.4 s 
As K 17 76 39.6 ±6.4 20 112 60.5 ±12.7 s 
In L 0 15 1.8 ±1.6 0 32 3.8 ±4.3 s 
7DEOH  VWDWLVWLFV RI FRXQWV RI ;-UD\ PDSV UPV  URRW PHDQ VTXDUH VWDQGDUG GHYLDWLRQ
7\SH Q QRLVH V WUXH VLJQDO" SRVVLEOH VLJQDO GXH WR VXUIDFH FRQWDPLQDWLRQ & R[LGDWLRQ
2RUDUJRQLQFRUSRUDWLRQGXHWRLRQPLOOLQJ$U 
 
,Q RUGHU WR HVWLPDWH WKH VSDWLDO UHVROXWLRQ ZH KDYH WULHG WR GHWHUPLQH WKH WKLFNQHVV
PRUHDFFXUDWHO\FRPELQLQJWZRGLIIHUHQWDSSURDFKHVRQHEDVHGRQJHRPHWU\DQGRQH
EDVHGRQDQDO\]LQJVSHFWUDOFRXQWUDWHVDVIROORZVWKHDUHDVLQYHVWLJDWHGZHUHDERXW
QP$DQGQP$DZD\ IURP WKHVSHFLPHQHGJH)RUDSHUIHFW
ZHGJH JHRPHWU\ DV WKH LRQ EHDP LPSLQJHG XQGHU  RQ ERWK VXUIDFHV WKLV ZRXOG
JLYHWKLFNQHVVHVWLPDWHVRIQPDQGQPUHVSHFWLYHO\EXWVXFKSHUIHFWZHGJHV
FDQUDUHO\EHDFKLHYHG2IWHQVDPSOHVDUHPRUHURXQGHGDWWKHHGJHV7KHWKLFNQHVV
GLIIHUHQFH EHWZHHQ WKH WZR DUHDV VKRXOG KRZHYHU UHPDLQ WR EH QP HYHQ ZLWK
URXQGHG HGJHV )URP WKH VSHFWUD WDNHQ LQ VXFFHVVLRQ ZLWKRXW FKDQJLQJ WKH HOHFWURQ
EHDPFXUUHQWZHFDQZRUNRXWWKH;-UD\FRXQWUDWHVDVV-$DQGV-
$ DQG FDQ WKXV FRQFOXGH WKDW WKH WKLFNQHVV UDWLR VKRXOG EH  LH WKH
VHFRQGDUHDKDVRQO\WKHWKLFNQHVVRIWKHILUVW&RPELQLQJWKLVZLWKWKHDERYH
LQIRUPDWLRQ JLYHV DEVROXWH WKLFNQHVV YDOXHV RI QP IRU $ DQG QP IRU
$ 8VLQJ WKH VWDQGDUG IRUPXODV IRU HOHFWURQ EHDP EURDGHQLQJ > @ WKHQ
VXJJHVWVEHDPEURDGHQLQJRIQPIRUWKHQPWKLFNDUHDRIVDPSOH$DQG-
QPIRU WKHQPWKLQDUHDRI$:HKDYHFURVV-FKHFNHG WKLVZLWKSUHYLRXV
0RQWH&DUORFDOFXODWLRQVRIWKH*D./OLQHUDWLRIRU,Q*D$VVDPSOHVXVLQJDQLGHDO
6L/LGHWHFWRUZLWKXOWUDWKLQSRO\PHUZLQGRZDVZDVDSSURSULDWHIRURXU-(2/)
>@)RUWKHZLQGRZOHVV6''GHWHFWRUVXVHGKHUHWKH*H/FRXQWUDWHZLOOJRXSDVD
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aQPWKLFNFDUERQOD\HUZRXOGQR ORQJHUDEVRUEaRI WKLV;-UD\ OLQH$W WKH
VDPH WLPH WKH *H . FRXQW UDWH ZLOO JR GRZQ E\ a EHFDXVH WKH VLOLFRQ LQ 6''
GHWHFWRUV KDV RQO\ WKH W\SLFDO ZDIHU WKLFNQHVV RI PP VR VRPH KDUG ;-UD\V FDQ
SHQHWUDWHLW:HFDQKHQFHXVHSUHYLRXVSORWVRI*D./UDWLRYVWKLFNQHVVLIZHUH-
FDOLEUDWHWKHYDOXHIRU]HURWKLFNQHVVWREHWLPHVWKHYDOXHRIIRU6L/LLH
 7KH *D ./ UDWLRV ZH DFWXDOO\ PHDVXUHG LQ RXU VSHFWUD RI  DQG 
ZRXOGWKHQVXJJHVWWKLFNQHVVHVRIDURXQGQPDQGQPUHVSHFWLYHO\ZKLFKDUHLQ
UHDVRQDEOHDJUHHPHQWZLWKWKHDERYHHVWLPDWHVJLYHQWKHUHODWLYHODUJHHUURUVRIWKLV
DSSURDFK 
 
:H KDYH WKHQ XVHG 0RQWH &DUOR VLPXODWLRQV >@ IRU NH9 HOHFWURQV WR IXUWKHU
LQYHVWLJDWH ;-UD\ JHQHUDWLRQ DEVRUSWLRQ IOXRUHVFHQFH DQG GHWHFWLRQ DW D WDNH-RII
DQJOHRI 
6LPXODWLRQV RI ;-UD\ DEVRUSWLRQ IRU $O,Q*D$V VDPSOHV DW WKLFNQHVVHV RI - QP
VKRZ WKDW QR DEVRUSWLRQ FRUUHFWLRQ QHHGV WR EH LQFOXGHG IRU *D . DQG ,Q / OLQHV
UHODWLYH WR $V . WKH RQO\ VOLJKWO\ DIIHFWHG ;-UD\ EHLQJ WKH VRIWHU $O . OLQH ZKRVH
LQWHQVLW\LVH[SHFWHGWRGHFUHDVHE\-DQGVRZRXOGQHHGDQDEVRUSWLRQFRUUHFWLRQ
IDFWRURI 
0XWXDOIOXRUHVFHQFHWKDWFRXOGLQFUHDVHWKH$O.OLQHLQWHQVLW\KDVEHQVWXGLHGE\D
VHULHV RI VLPXODWLRQV RI ;-UD\ JHQHUDWLRQ RQ ,Q*D$V VDPSOHV RI YDU\LQJ WKLFNQHVV
ZLWK D WKLQ $O$V OD\HU LQ WKH FHQWUH VDQGZLFKHG EHWZHHQ *D$V DW WKH ERWWRP DQG
HLWKHU ,Q$V RU *D$V LQ WKH WRS KDOI:H FRQVLGHUHG WKLFNQHVVHV IURP  WR QP
:H HYDOXDWHG WKH IOXRUHVFHQFH IURP WKH ,Q / RQWR WKH $O . OLQH E\ FRPSDULQJ WKH
DSSDUHQW LQFUHDVH LQ $O ;-UD\ LQWHQVLW\ ZKHQ WKH *D$V RYHUOD\HU ZDV UHSODFHG E\
,Q$VDQGIRXQGWKDW LQ WKHWKLFNQHVVUDQJHRI-QPUHOHYDQWIRURXUH[SHULPHQWV
WKHHIIHFWZDVKDUGO\GHWHFWDEOH PD[LPDO UHODWLYH LQFUHDVHDWQPIRUQP
SXUH ,Q$VRQ WRSDQGVRZHFRQFOXGH WKDWPXWXDO IOXRUHVFHQFH LVQHJOLJLEOH LQRXU
VDPSOHV WKDWDUHYHU\ WKLQDQGZKHUHLQERWK WKHRYHUDOO ,QDQG$OFRQWHQWDUHPXFK
ORZHU 
 
7KLV PHDQV WKDW TXDQWLILFDWLRQ FDQ EH SHUIRUPHG XVLQJ WKH VWDQGDUG WKLQ-ILOP
DSSUR[LPDWLRQ ILUVW XVHG E\ &OLII DQG /RULPHU >@ )RU TXDQWLI\LQJ ;-UD\ VSHFWUD
IURP WKLQ VDPSOHV WKH LQWHQVLWLHV , RI DQ LQGLYLGXDO OLQH FKRVHQ IRU HDFK HOHPHQW
LQGH[MVKRXOGEHPXOWLSOLHGE\WKHLUN-IDFWRUVDQGLIWKHVHDUHFDOLEUDWHGIRUZHLJKW
IUDFWLRQVGLYLGHGE\WKHFRUUHVSRQGLQJDWRPLFZHLJKWV$VRWKDW 
 ݔ݆ ൌ ܫ݆݆݇ ܣ݆ ? ? ܫ݊݇݊ ܣ݊ ?݊  HTQ 
gives the concentration of element j in thin film approximation where the sum extends 
over all n elements. We have in the plots of figures 4 and 8 completely neglected k-
factors because the scale factors kj/Aj are all close to unity for the (Al,Ga,In)As system 
if the common As K±line (AsK) is used for reference: from extrapolating Monte Carlo 
simulations for AlGaAs and InGaAs back to zero thickness, and taking into account 
the same modifications as before to replace a thick Si:Li with ultrathin polymer 
window by a windowless SDD detector, we get kAlK,AsK=0.32±0.04, kGaK,AsK 
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=0.98±0.01 [26] and kInL,AsK =1.47±0.03 [28]. Using the nominal k-factors of the JEOL 
supplied software instead would give kAlK,AsK=0.359, kGaK,AsK =0.853, kInL,AsK =1.284. 
The
 
k-factors in equation (1) need to be divided by the atomic weights and then 
divided by kAsK/AA , i.e. the above values for kj,AsK need to be multiplied by the relative 
atomic weights AAs/Aj. The results are tabulated in Table 3.  
 
PRGHO   &$6,12 -(2/ 
 
element 
X-ray 
line 
 
Aj 
 
kj,AsK ·74.92/Aj 
 
           
Al K 26.98 0.883±0.106 0.996 
 
Ga K 69.72 1.051±0.011 
 
 
In L  0.961±0.018 
 
 
7DEOHN-IDFWRUVRI;-UD\VRIJURXS,,,HOHPHQWVLQGH[MUHODWLYHWR$V.OLQHPXOWLSOLHGE\
$$V$M 
 
This means the real Al and In content could have been a little lower than shown in the 
plots, but given the poor statistics and that the use of the above correction factors 
would only marginally improve the ratio of all group III elements to arsenic (which 
should yield unity but is always above that value), we decided to neglect this 
correction. 
 
 
)LJXUHQXPHULFDOVLPXODWLRQRIWKHHIIHFWRIUHVROXWLRQXSRQVLJQDODPSOLWXGHRID
SL[HOLGHDO'VWHSIXQFWLRQZKHQFRQYROXWHGZLWKD'*DXVVLDQRIJLYHQURRW-
PHDQ-VTXDUH UPV YDOXH )RU WKH $O*D$V*D$V VXSHUODWWLFH VHW QP   SL[HO WR
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HYDOXDWH 
 
All linescans clearly reveal the shorter AlGaAs/GaAs superlattice (of period 4.5nm) 
and the measured full widths at half maximum (FWHM) values of the narrowest 
individual layers prove that the resolution must be 2nm or better in both cases. 
Concerning the influence of resolution on the contrast of maps and linescans three 
effects should be considered: 
i) the sampling increment given by the effective pixel width, here 0.26nm in the 
first and 0.39nm (after binning) in the second case; 
ii) the impinging focused electron probe profile (here: 0.16nm FWHM, giving an 
rms width of approximately Vp=0.07nm in Gaussian approximation); 
iii) the broadening of the electron in the sample due to multiple elastic scattering, 
as evaluated before. 
 
While effect ii) will be negligible in our case (the above rms width corresponding to 
only 0.18-0.26 pixels would dampen the signal from the superlattice by 6% at the 
most, according to the plot in figure 9), electron beam scattering in iii) will dominate 
the effective resolution. This can be shown by again evaluating models for electron 
probe spreading, which for 15-26 nm thin GaAs (<Z>=32, U=5.32 g cm±3, U=200kV) 
suggest b=1.4nm for the 1.9V beam diameter that contains 90% of intensity [29] (i.e., 
Vb=0.74nm) or b=0.5-1.2 nm for the full beam diameter at the exit surface [25] 
(hence,Vb=0.2-0.5 nm for an equivalent Gauss function). These values are larger than 
the nominal probe Vp and would dampen the apparent superlattice modulation of the 
Al content by 10-20% of the nominal value of 'yAlnom=0.33, i.e bring it down to 0.26. 
We measure, however, only an amplitude of 'yAlexp=0.08, which indicates that there 
must be real interdiffusion of Al within the superlattices, corresponding to an rms 
diffusion length for Al atoms of ~1.5nm.  
 
The peak indium concentrations xIn measured are also somewhat lower than the 
nominal values (0.19 instead of 0.25 for the lower QW of sample A558, 0.12 [0.22] 
for the QDs instead of 0.55 [0.60] for sample A527 [558]), which again indicates 
some indium interdiffusion, but only over ~0.5nm in length, in line with our 
resolution estimate. 
 
7KH FRQFHQWUDWLRQ SURILOHV IURP WKH JURXS-,,, HOHPHQWV $O DQG ,Q LQ ILJXUH  VKRZ
HVVHQWLDOO\ WKH VDPH IHDWXUHV DV EHIRUH IRU WKH RWKHU VSHFLPHQ EXW WKLV WLPH ZLWK
VLJQLILFDQWO\KLJKHU,QFRQFHQWUDWLRQDOEHLWVWLOOEHORZWKHQRPLQDOYDOXHV7KHEXPS
LQ WKH $O SURILOH FRUUHODWHV ZLWK WKH ,Q*D$V 4' OD\HU ZLWK WKHLU UHVSHFWLYH SHDNV
VKLIWHGE\WKUHHSL[HOVRUQP7KHUHODWLYHGLVSODFHPHQWRIWKH,QVLJQDOFRPSDUHGWR
WKH $O VLJQDO E\ -QP WRZDUGV WKH WRS RI WKH ZDIHU VWUXFWXUH LQGLFDWHV VWURQJHU
VXUIDFH VHJUHJDWLRQ RI ,Q FRPSDUHG WR $O DWRPV 7KLV ILQGLQJ IRU 0%( JURZWK RI
$O,Q*D$V GLIIHUV IURP RXU SUHYLRXV ILQGLQJV IRU FKHPLFDO YDSRXU HSLWD[\ RI
$O,Q*D1>@ 
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A key problem has been that the maps never gave zero base line values for elements 
not in the sample. We therefore used the minimum experimental background found 
for any element not in the sample (Ti K) to subtract 1.3 and 0.7 counts for the two 
different samples. This worked well for the In L line but less so for the Al K line, and 
we need to investigate further whether this problem is due to insufficient shielding to 
stray X-rays (a possible collimator problem), the line fitting routine used (a software 
problem) or simply due to the fact that all signals recorded are positive definite (i.e. 
non-negative) maps that cut off small negative while retaining small positive values, 
thereby skewing and offsetting the background by some artificial small amount. 
 
 
&RQFOXVLRQ 
 
;-UD\PDSVKDYHEHHQTXDQWLWDWLYHO\HYDOXDWHGIRUDOOHOHPHQWVRIWKHJURXS-,,,VXE-
ODWWLFHDQGGLUHFWHYLGHQFHIRU-HTXLYDOHQWPRQROD\HUVRI$OGHSRVLWHGFORVHWR
WKHPLGGOHRIWKH,Q*D$VTXDQWXPGRWVKDVEHHQIRXQG 
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